ABSTRACT
Introduction
Ammonia (NH3) is an important atmospheric gas that arises from both natural and anthropogenic sources. The major source of NH3 is the breakdown of urea or uric acid excretions from animals. Non-biological emissions of NH3 arise from sources such as fertiliser production and vehicle emissions . NH3 is an important component of the nitrogen (N) cycle, having the potential to cause both eutrophication and acidification (e.g. Van Breemen et al., 1982; Pearson and Stewart, 1993; Fangmeier et al., 1994; Bouwman et al., 2002) . The determination of the magnitude and distribution of NH3 emission sources allows the prediction of their environmental consequences, through the use of atmospheric transport and pollution deposition models (e.g. Sutton et al., 1993a-c; Singles et al., 1998; Fournier et al., 2002) . UK NH3 emissions have been estimated at 366 Gg NH3 yr _1 , with 81% of the emission arising from agriculture and 19% from non-agricultural sources such as wild animals, sewage treatment, industry and transport (Misselbrook et al., 2000; Sutton et al., 2000) . The greater magnitude of agricultural emissions means that research has focused more on the quantification of emissions from this source, with less attention given to emissions from nonagricultural sources. Some studies (e.g. Lee and Dollard, 1994; Sutton et al., 1995 Sutton et al., , 2000 have addressed the issue of UK NH3 emissions from non-agricultural sources. Of the non-agricultural emission sources identified by Sutton et al. (2000) , seabird colonies were highlighted as a source that required further research into both the distribution and magnitude of NH3 emissions. Wilson et al. (2004) estimated that UK seabirds emit ~2.7 GgNH3yr~\ which corresponds to ~1% of estimated total global seabirds emission of -242 GgNf^yr 1 (Blackall et al., 2007) . On a regional scale, seabirds only contribute ~0.7% of UK NH3 emissions, based on the estimates of Misselbrook et al. (2000) and Wilson et al. (2004) . However, by mapping the distribution of UK seabird NH3 emissions, Wilson et al. (2004) highlighted the potential for a significant local effect from seabird NH3 emissions, as they tend to be most prominent in remote areas with few other sources of NH3 emission (e.g. north and west of Scotland), thus representing major point sources.
There are a variety of reasons why seabird colonies have the potential to be point sources of NH3 emissions. Seabirds consume a nitrogen-rich diet (e.g. fish and squid) and have high metabolic rates (Birt-Friesen et al., 1989; Bryant and Furness, 1995; Hilton et al., 1998) , resulting in high N excretion rates (primarily as uric acid). Seabird colonies often comprise large numbers of individual birds breeding in a congested space. The crowded nature of seabird colonies creates favourable conditions for the volatilisation of NH3 from seabird excreta, as the volatilisation of NH3 increases with the intensity of emission source (Sutton et al., 1995) .
There are a number of species-specific traits that are likely to affect the magnitude of NH3 volatilization from excreted nitrogenous waste, such as bird mass, energy requirement, N and energy content of food and the assimilation efficiency of the food . Other factors that may vary among seabird species include the proportion of time during the breeding season that an individual bird will spend ashore at the colony, nesting behaviour (e.g. bare rock, vegetative nest, burrow). Nesting behaviour is likely to affect the magnitude of volatilised NH3 being dispersed in the atmosphere. It is known that overlying vegetation and absorption of NH3 by soil can reduce NH3 emissions (Nemitz et al., 2000; Misselbrook et al., 2000) . As such, vegetation or burrow nesting species such as the Atlantic puffin Fratercula arctica, are likely to result in a lower proportion of N volatilisation than species which breed on bare ground/rock, such as the Common guillemot Uria aalge.
Here we present data from a 14-month atmospheric NH3 monitoring campaign at a Scottish seabird colony. Data are presented to illustrate temporal patterns in NH3 emissions from seabirds, differences in the magnitude of NH3 concentrations near seabirds with varying nesting behaviour and compares measured NH3 concentration data with outputs from a seabird NH3 emission model for the Isle of May, Scotland.
Methodology

Study site
The Isle of May (latitude 56°11'N, longitude 02°33'W) is located ~8 km from the Fife coast in the Firth of Forth, Scotland. It is ~1.8 km long, ~0.5 km at the widest point and is composed of olivine-dolerite, a hard volcanic rock (Sobey, 1976) . The western side of the island is dominated by cliffs of up to 45 m high, with the elevation of the island decreasing gradually eastwards towards sea level. The vegetation communities of the island are classified as being primarily NVC community MC6 (Atriplex hastata agg.-Beta vulgaris sp. Maritima seabird cliff community) at the north and south of the island, with NVC community MC8 (Festuca rubra-Armeria maritima maritime grassland) dominating across most of the inland areas (Bell, 1996) . The Isle of May seabird population demonstrates a non-random distribution, with certain species forming colonies. Annual counts of breeding seabird numbers are undertaken by Scottish Natural Heritage. Estimated population numbers for breeding seabird species, based on recent detailed spatial counts by Scottish Natural Heritage (Wilson and Parkinson, 2000 -see Table 1 ), which are considered to be uncertain to ±5-10% (M.P. Harris, personal communication).
Atmospheric NH3 monitoring
A monitoring programme for monthly average NH3 concentration was implemented on the Isle of May in April 2000. The campaign measured the integrated monthly average NH3 concentration at 0.5 m above ground level using the CEH ALPHA (Adapted Low-cost Passive High Absorption) sampler system (Tang et al., 2001) . Three replicate samplers were exposed at each of 12 locations across the island for periods of approximately one-month duration, from inception to November 2001. The passive sampling stations were located in areas representing a range of different habitats across the island with Fig. 1 , whilst descriptions of each of the 12 sites are given in Table 2 . An automated weather station was also operated on the Isle of May for the duration of the monitoring campaign (see Fig. 1 for location). Hourly-averaged measurements of wind speed and direction, temperature and relative humidity were made at 1.5 m above ground level.
Ammonia emissions modelling for Isle of May seabirds
In order to estimate total NH3 emissions from Isle of May seabirds on a spatial basis, a model was constructed to predict emissions based on seabird bioenergetics and behaviour. (Bryant and Furness, 1995) , with BMR values being available from the literature. The estimated total energy metabolised by chicks between hatching and fledging was used in place of FMR. These values were based on the calculations of Weathers (1992) . Total seabird N excretion at the Isle of May was estimated as a function of N excr , the seabird population size and attendance of seabird species at the colony during the breeding season. It is assumed that the proportion of a bird's total N excretion at the colony is the same as colony attendance (see Wilson et al., 2004 for colony attendance periods for different UK seabird species). All factors were species-specific and varied between cohort (breeding adult, non-breeding adult, chick), where appropriate. NH3 emissions were estimated by applying an emission factor of 0.3 to all N excretion values, based on the measurements of Blackall et al. (2004) . These NH3 emission potentials were then standardised according to nesting behaviour of different species, with the assumption that bare rock breeders (guillemot, Razorbill Alca torda) would volatilise 100% of potential NH3 emissions, vegetation nesters (Black-legged kittiwake Rissa tridactyla, European shag Phalacrocorax aristotelis, large gulls Larus sp., Northern fulmar Fulmarus glacialis) would volatilise 70% of potential NH3 emissions and burrow nesters (puffin) would volatilise 20% of potential NH3 emissions. It is clear that the actual relative amounts of emissions between these nesting categories need to be compared with measurements (e.g. Blackall et al., 2007) , and the present study contributes to this. A more detailed explanation of the seabird bioenergetics and NH3 emission model is provided by Wilson et al. (2004) . The volatilisation potentials applied in this study vary slightly from those used by Wilson et al. (2004) , but a sensitivity analysis has shown these differences to only alter whole colony NH3 emissions from the Isle of May by 6%, and therefore cannot account for the larger discrepancies noted between the model and measured ammonia air concentrations.
A Geographical Information System (GIS) was used to model N excretion and NH3 emissions on a spatial basis for the Isle of May. The model was calculated using a 25 x 25 m grid, which allowed for detailed interpretation of spatial patterns of NH3 emission.
Ammonia dispersion modelling for Isle of May
NH3 dispersion modelling across the Isle of May was performed using the LADD (Local Area Dispersion and Deposition) model, which is a multi-layer statistical trajectory model described in detail by Hill (1997) and Dragosits et al. (2002) . The model input files, which describe general parameters, include NH3 emissions, landuse, wind and boundary conditions. General parameters were grid cell dimensions (25 m x 25 m), number of grid cells per domain edge (120), angle increment for wind data (10 degrees) and atmospheric stability (3, slightly unstable). Emissions data were generated using the bioenergetics model described above, for each 25 m x 25 m grid cell, on a monthly basis (as |ig NH3 m -2 s -1 ). An x and y co-ordinate for each emission value corresponded to the centre point of each grid cell. Land use data from the CEH Land Cover Map of Great Britain (LCM, 1990) classified each grid cell into one of six categories: rocks/beach; water; semi-natural rough; semi-natural smooth; lowland bog; and buildings. These land-use types determine the values of roughness length (zo) and canopy resistance (r c ) applied for each grid cell by the LADD model. Wind data describe the boundary layer height (nominally set to 500 m), average wind speed for each 10 degree sector and the probability of the wind blowing in each sector during the modelled period. The boundary conditions describe the NH3 concentration along the boundaries of the domain, which was set to zero. For each grid cell, the model was used to generate NH3 concentration (|igNH3irT 3 ) at two heights (0.5,1.5 m).
Results
The background NH3 concentration, determined at sites BG1 and BG2, varied from 0.4 to 7.5 |ig rrT 3 with a mean concentration from all monthly determinations at BG1 and BG2 of 2.6|igrrT 3 (standard deviation = 2.2 |ig rrT 3 ). The NH3 concentration above guillemot cliffs, determined at sites Gl and G2, varied from 1.1 to 47.5 |ig rrT 3 with a mean concentration from all monthly determinations at Gl and G2 of 16.1 |igrrr 3 (standard deviation = 14.6 |igrrr 3 ). The NH3 concentration at the puffin colony, determined at sites PI and P2, varied from 0.8 to 27.8 |ig rrT 3 with a mean concentration from all monthly determinations at PI and P2 of 8.7 |igrrr 3 (standard deviation = 9.1 |igrrr 3 ). There were a few occasions when ALPHA samplers were lost from or contaminated at the sampling station, owing to wind damage or interference by animals. Destructive high winds in mid-June 2000 necessitated the relocation of the passive sampling system at site G3. Over all sites for the duration of sampling, triplicate measurements (or duplicate where one sampler was lost or contaminated) generated an average coefficient of variation of 10.4%.
The temporal patterns of NH3 concentration near guillemots, puffins and in areas of low bird activity on the Isle Table 2. only for April 2001 onwards. Non-parametric comparison of the mean monthly NH3 concentrations (Wilcoxon signed ranks test) at guillemot, puffin and background sites showed that there were significant differences for all three comparisons (G vs. BG: Z= -3.516, p = 0.000; P vs. BG: Z= -3.516, p = 0.000; G vs. P: Z= -3.413, p = 0.001).
The seasonal increase in NH3 concentration at background sites occurs in tandem with those observed for guillemot and puffin sites (Figs. 2 and 3 ). There is a significant correlation between concentrations at guillemot and background sites (Pearson correlation = 0.873, significant at 0.01 level, n = 16) and puffin and background sites (Pearson correlation = 0.948, significant at 0.01 level, n = 16). Fig. 2 Fig. 4 . There is an apparent 'time lag' between the predicted peak in NH3 emission and the observed peak in NH3 concentration, with no significant correlation between measured NH3 concentration and modelled NH3 emission for any site, when data for each month are compared (Table 3) . To account for the apparent lag, correlation between emission and concentration was re-analysed, using an adjustment factor of 'month + 1' for concentration (e.g. correlate modelled emission for Gl in June 2000 with measured concentration for Gl in July 2000). These correlations are detailed in Table 3 . The time lag correlation increased the strength of the positive correlation between emission and concentration for all sites, with significant correlations for PI, P2 and BG1 (0.05 level, 2-tailed). Fig. 5 shows that the spatial representation of NH3 concentrations across the Isle of May after modelling with LADD are as expected, i.e. the highest concentrations are over the guillemot cliffs on the west coast of the island, whilst low concentrations are predicted in central areas of the island with low bird occupancy. These patterns correlate with the observations from the passive monitoring campaign. However, NH3 concentrations are overestimated by the LADD model (e.g. up to 900 |ig irT 3 modelled by LADD, compared with a maximum measured concentration of 163 |ig irT 3 ). Measured NH3 concentrations were thus much lower than those predicted by the LADD model. There was a positive correlation between measured and modelled concentrations for cliff sites, but not inland locations (Fig. 6 ). Future research efforts should focus on _ 120 Fig. 3 . Comparison of average measured NH 3 concentrations between areas occupied by different bird species ((Gl, G2, G3a, G3b = guillemot/razorbill; PI, P2 = puffin; BG1, BG2, GS2 = background/low bird occupancy) and grey seals (GS1)).
.2\. 4500 Table 3 Correlations between monthly measured NH 3 concentrations and modelled NH 3 emissions where (i) measured concentration and modelled NH 3 emission are for the same time period and (ii) modelled emission is correlated with the measured concentration for the subsequent 30 day period (i.e. month + 1) Fig. 4 . Comparison of modelled NH 3 emissions with measured NH 3 concentrations for guillemot, puffin and background locations on the Isle of May. Air temperature and wind speed at 1.5 m above ground are also presented for the corresponding period. more robust determination of the effect nesting behaviour has on seabird NH3 volatilisation potential, as this remains particularly uncertain for vegetation or burrow nesting species.
Discussion
As expected, the period of maximum NH3 concentration was during the summer months, when numbers of breeding seabirds are highest. Comparison of modelled emissions and measured concentrations of NH3 for the same location on the Isle of May (Fig. 4) provides evidence of a time lag between excretion and NH3 volatilisation during the breeding season of seabirds. There was also evidence of elevated NH3 concentrations after the departure of breeding seabirds from the colony in late summer (Fig. 2) . This time lag from N excretion (as uric acid) to NH3 volatilisation is likely to be controlled by two factors: (i) the microbial decomposition of uric acid to ammonium and (ii) flux rate of NH3 from surface pools to the atmosphere. The rate of ammonification is influenced by temperature, pH and water availability (Elliot and Collins, 1982; Elzing and Monteny, 1997; Koerkamp et al., 1998) , as will flux rates of NH 3 (Sutton et al., 1994; Nemitz et al., 2001) . A more detailed investigation into the physical and chemical parameters controlling NH3 emissions from seabirdexcreted N is available from Blackall et al. (in preparation) .
There is no evidence of a year-to-year lag of NH3 emissions from seabird-excreted N at the Isle of May. This is demonstrated by the return of NH3 concentrations to background levels over winter (Fig. 3) . Surface pools of seabird-excreted N may diminish between breeding seasons as a result of complete volatilisation of available N during the post-fledging period or surface run-off during the winter. Cliff-nest sites are likely to be affected by surface run-off as there is little or no vegetation to intercept N, resulting in loss to the sea and subsequent rapid dispersion by marine currents.
There was a reasonably high degree of local variability in NH3 concentrations measured at the Isle of May. Moving the sampling location at site G3 by approximately 3 m (from over the cliff edge to just above the cliff) resulted in a considerable decrease in measured NH3 concentration: from 158 |ig rrT 3 in early June to 23 |ig rrT 3 in the second half of June, a decrease that could not be apportioned to changes in bird numbers on the cliffs. This highlights the potentially high spatial variability in atmospheric NH3 concentrations near seabirds. To ascertain the magnitude of spatial variability in NH3 concentrations above guillemot cliffs, some targeted measurements were made in AprilMay 2002. Passive samplers were exposed for two 2-week periods at the top of cliffs with breeding guillemots on lower ledges. Triplicate samplers were attached to a pole at distances of 0.5, 1.0 and 1.5 m from the cliff edge at three separate locations on the west of the Isle of May. Fig. 7 shows that NH3 concentrations can vary significantly over short distances. This may be caused by complex dispersion patterns and turbulence at cliff-top locations.
The LADD model has been shown to produce comparable data to measured NH3 concentrations in relatively uncomplicated coastal terrain (Theobald et al., 2006 magnitude higher than those observed by passive sampling (Fig. 6 ). This is most likely a result of complex dispersion parameters and turbulence above the seabird cliffs on the west of the Isle of May. Despite this, there was a strong correlation between measured and modelled concentrations for the cliff sites, but not inland sites (Fig. 6) . The substantial absolute difference between the measured air concentrations and those modelled in LADD might be thought to cast doubt on the original estimates of ammonia volatilisation using a dispersion modelling approach (Blackall et al., , 2007 . This, however, is not an adequate explanation of the difference, and it is important to distinguish the use of models in relation to measurement of near-source and distant ammonia concentrations. The estimates of ammonia emission from the Isle of May derived by Blackall et al. (2007) were based on the comparison of a tracer ratio method and inverse application of a Gaussian model, from plume measurements typically >1 km distance from the colony. The comparison of the two methods demonstrated the overall robustness of the approaches. By contrast, the present comparison considers near-source ammonia concentrations measured ~0.5 m above the Isle of May surface with a multi-layer atmospheric dispersion model (LADD) using a gridded emission inventory. Models such as LADD are designed for application in rather flat area, and the LADD-measurement comparison most likely shows the limitations of applying the model to an area of extremely complex terrain. The general spatial patterns of NH3 concentration observed at the Isle of May were as expected, with high concentrations above the most dense populations of barerock breeding birds (e.g. guillemot, razorbill, kittiwake, shag). An increase in seabird biomass should increase the concentration of NH3 observed in the vicinity of nesting birds. However, the NH3 concentrations at puffin colony sites (PI and P2) were generally low, despite their biomass being comparable to or higher than other species. It is likely that the more dispersed nesting behaviour of puffins (lower bird biomass per unit area), in addition to the presence of NH3-scavenging vegetation and greater dispersion potential over the fetch of the colony, resulted in the lower observed NH3 concentrations in the puffin colonies.
Despite the discrepancies between modelled and measured NH3 concentrations that have been outlined, the LADD model was generally able to produce NH3 concentration patterns that were representative of those observed at the colony (Fig. 5) . The correlations between modelled and measured NH3 concentrations (Fig. 6) give an insight into the effect of nesting behaviour on NH3 volatilisation. The significant correlation for cliff nesting areas demonstrates that the volatilisation potential of 100%, applied in our model, was reasonable. Furthermore, the position of the fitted line for inland locations, below that of cliff nesters, on Fig. 6 indicates that it is reasonable to assume that vegetation and burrow nesting species volatilise a lower proportion of the potential NH3 compared to cliff nesters. These findings strengthen the UK seabird emission estimates of Wilson et al. (2004) and global estimates of Blackall et al. (2007) , as the majority of emissions in these estimates are from bare rock nesting birds. However, further research to determine the magnitude of emissions from vegetation and burrow nesting birds should be considered. It is likely that the NH3 volatilisation potentials applied to vegetation and burrow nesting species in this paper (70% and 20%, respectively) are too high.
Conclusions
A 14-month passive sampling campaign at the Isle of May seabird colony highlighted temporal and spatial patterns of NH3 concentration associated with different seabird species. Measured concentrations were highest near bare rock nesting Common guillemot and razorbill, with lower concentrations measured in areas with high numbers of burrow nesting Atlantic puffin. Measured NH3 concentration demonstrated a lag compared to modelled NH3 emissions, with an increase in correlation when comparing a modelled emission with the measured concentration for the following month. There was no 'carry-over' of NH3 emissions between different breeding seasons, as concentrations return to background during the winter months. Complex dispersion parameters are thought to have been the reason for near-source modelling of NH3 concentrations to exceed measured values, but spatial patterns of NH3 concentration generally corresponded with those observed across the Isle of May. This paper highlights that volatilisation rates of NH3 from seabird-excreted N are likely to vary as a result of differing nesting behaviour, with higher emission from birds that nest on bare ground compared to vegetation/ burrow nesters. On the basis of comparisons in this study, it would appear that the percentage of ammonia volatilised from burrow nesting birds, compared to bare rock nesters, may be much lower than previously estimated. These findings strengthen seabird NH3 emission estimates (e.g. Wilson et al., 2004; Blackall et al., 2007) , which are of importance to NH3 emissions inventories and the N budgets of remote coastal ecosystems. Future research is required to further clarify the effect of vegetation and burrow nesting on seabird NH3 emission potential.
